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ABSTRACT OF THESIS 
THEORETICAL MODELING AND ANALYSIS OF AMMONIA GAS SENSING 
PROPERTIES OF VERTICALLY ALIGNED MWCNTS RESISTIVE SENSOR AND 
ENHANCING THEIR SENSITIVITY 
 
Abstract: Vertically aligned Multiwalled Carbon Nanotubes (MWCNTs) were grown in the 
pores of Anodized Aluminum Oxide (AAO) templates and investigated for resistive sensor 
applications. High Sensitivity of 23% to low concentration (100 ppm) of ammonia was observed. 
An equivalent circuit model was developed to understand the current flow path in the resistive 
sensor. This helped us in achieving high sensitivities through amorphous carbon (a-C) layer 
thickness tailoring by employing post-growth processing techniques like plasma etching. 
 
      A simulation model in MATLAB was developed to calculate the device resistance and the 
change in the sensitivity as a function of device parameters. The steady state response and 
transient response of the model to the number of ammonia molecules and its adsorption rate were 
studied. Effects of oxygen plasma, argon plasma and water plasma etch on thinning of the a-C 
layer were studied. 
 
     In order to enhance the sensitivity, the top and bottom a-C layers were replaced by a more 
conductive metal layer. This also helped in understanding the current flow in the device and in 
the estimation of the resistivity of the a-C layer. 
 
Keywords: Anodized Aluminum Oxide (AAO), Multiwall Carbon Nanotube (MWCNTs), 
Plasma Enhanced Chemical Vapor Deposition (PECVD), sensors. 
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Chapter 1 Introduction 
 
1.1 Introduction 
 
    Ever since their discovery by Iijima [1], a great deal of interest in carbon nanotube 
(CNTs) has been generated for various applications such as field emission devices [2], 
sensors and actuators [3],[4] and random access memory [5], etc. Recent applications of 
carbon nanotubes as gas sensors have been reported. Due to their large surface areas and 
because of their hollow center, they show excellent sensitivity, rapid response and 
recovery times. Gas sensors are used in many industrial, medical, and commercial 
applications. For example, ammonia sensors are used for monitoring ambient ammonia 
concentration since it is related to many environmental issues such as human health, 
acidification, and change in climate through particle formation [6].  
      Gas sensors based on CNTs mostly rely on monitoring the direct change in their 
electrical properties in response to the interaction with gaseous molecules [7–11]. When 
electron withdrawing molecules (e.g., NO2 and O2) are adsorbed on the surface of p-type 
semiconductor CNTs, the Fermi levels are shifted to the valence band, generating more 
holes and thus enhancing the conductance. The adsorption of electron-donating 
molecules (e.g., NH3) causes the number of holes to decrease and the resistance to 
increase. The chemiresistor gas response is attributed to the p-type conductivity in 
semiconducting MWCNTs and the electrical charge transfer was found to be the major 
sensing mechanism responsible for the change in electrical properties. Therefore, 
networks of different carbon nanotube (CNT) materials were investigated as resistive gas 
sensors. The results obtained from the research demonstrate that the MWCNT-based 
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sensors exhibit high gas sensitivity, fast response and reversibility, good repeatability and 
reproducibility. Therefore, making good contacts between electrodes and CNTs with 
clean surfaces is essential for fabricating a good sensor. 
     In comparison to solid state sensors and SWCNT/MWCNT sensors, it was found that 
solid-state sensors for gases like NO2 and NH3 operate at temperatures more than 700 K, 
while SWCNT/MWCNT sensors usually operate at room temperature and have lower 
response times of about 10 seconds [12–15].This is an advantage over metal-oxide 
sensors [12, 15], which operate at high temperatures and require a heater to maintain 
higher temperatures, thereby making the design of the sensor complicated and costlier. 
On the other hand, polymer sensors have poor sensitivities and slower (10 min) response 
times [14]. It was observed that the response times of nanotube sensors were lower than 
those of solid-state sensors [12-15]. 
     We used Multiwalled Carbon Nanotubes (MWCNTs) grown in Anodized Aluminum 
Oxide (AAO) templates as sensors which have a better response and recovery time, 
higher sensitivity, and operate at room temperature. It forms arrays of nano pores of 
uniform diameter and length, as the CNTs synthesized on the surface of the nano pore 
wall take the shape of the geometry of the nano pores in the AAO, thus forming regular 
arrays of nanotube of uniform diameter and length. The size of the nano pores in AAO is 
easily reproducible in anodization during its preparation. This ability to integrate into a 
uniform stable structure is very important in all the device fabrication procedures.   
Another important feature of this sensor device is that it is a vertical structure, which is 
not parallel to the surface structure in which it monitors the gases diffused into the nano 
pores and adsorbed on the inside wall of the CNTs. Therefore, we tested this structure as 
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a sensor by measuring the resistance change upon the gas adsorption in this study. 
     The main objective of this study is to develop a resistive gas sensor structure for mass 
production with an array of carbon nanotube synthesized on an anodic aluminum oxide 
(AAO) template. This device gives uniform performance due to the regular and uniform 
nano-channels in the AAO. It is a vertical structure having open-ended multi-wall carbon 
nanotube grown through CVD on the inside walls of the AAO, such that the gas would 
diffuse into the nano channels for adsorption. The results discussed in this thesis show 
that the sensor has high sensitivity of around 20 % after plasma etching the amorphous 
carbon layer by various techniques like microwave plasma oxidation in oxygen and argon 
[16].  
      Sputtering is basically a Physical Vapor deposition (PVD) of thin films which 
erodes the material from the target (source) and then deposits it on the wafer in an inert 
gas atmosphere, such as argon. Sputtered atoms ejected from the target are accelerated 
by the energetic inert gas ions impact on the substrates or vacuum chamber with full 
energy. They are deposited on the substrate or collided with the inert gas ions or 
diffused slowly on to the substrate and on walls of the chamber. Chemical reactions can 
also occur sometimes on the target surface, in-flight or on the substrate depending on 
the process parameters which make the sputter deposition a complex process, but can be 
very helpful in depositing very thin films on the substrate with much control. 
      In Plasma Enhanced Chemical Vapor deposition, the substrate was exposed to 
volatile precursors which chemically react or decompose on the substrate's surface, which 
in turn was enhanced by plasma. It had the advantages of flexibility with film properties, 
versatility to deposit any element or compound and high purity. The sensitivity can also 
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be enhanced by controlling the diameter and number of carbon nanotube or size of the 
sample which can be done by varying the interspacing of carbon nanotube and pore 
radius of the sample by changing the anodization conditions. [17-18].This also gives a 
faster response time of less than 1 min and good reproducible recovery behaviors in 
atmospheric pressure at room temperature. 
1.2 Background 
 
     Recently, carbon nanotubes have been used as gas sensors due to their large surface 
area, which give them excellent sensitivity. Also, their response times and recovery times 
are fast. They show a remarkable change in electrical properties like resistance and 
capacitance upon exposure to reducing gases and oxidizing gases. Single Walled Carbon 
Nanotube (SWCNTs) has yielded the highest sensitivity of 22% change in resistance to 
the SWCNT-PABS composite sensor when they were exposed to 100 ppm ammonia 
[17]. Another SWCNT device had an initial 30% increase in resistance on exposure to 
1% (1000 ppm) NH3 after 1000 seconds [18]. The highest sensitivity of the aligned 
MWCNT sensor is 12% for the first pulse of gas and 5% in steady state [19, 20]. 
However, commercial solid state sensors operate at high temperatures more than 700 K 
due to which it requires a complicated and costly device involving a heater. Therefore, 
MWCNTs sensors were grown in the porous Anodized Alumina templates which are 
easy to prepare as no purification, or separation steps of the CNT’s are required. Porous 
Alumina templates were having the best attributes for growing uniform pores of 
nanowires or nanotubes having high aspect ratio. Therefore, AAO was the best template 
for growing MWCNTs. It was also durable and could withstand high temperatures (up to 
800 or 1000 ° C) [22], [25]. The length and diameter of the pores could also be controlled 
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by changing the experimental conditions [23], [24], [25], [26].This MWCNT aligned 
sensor usually offers reduced cost of production and yields a high sensitivity, good 
reproducibility, and best response and recovery times. 
1.3 Description of the device 
 
       The MWCNTs are embedded in the pores of a porous alumina template. Electrical 
contact between tubes is provided by top and bottom conducting layers (amorphous 
carbon in as-grown sensors). Bus bars are placed along the sensor to measure the change 
resistance across them when exposed to detectable gas analytes. 
      These MWCNTs were grown in the pores of the Anodized Alumina template by 
Chemical Vapor Deposition (CVD).This template was about 60 μm thick and pores are of 
about 40 nm in diameter. The grown MWCNT in the template had a wall thickness of 10 
nm and were open at both ends. Additionally, amorphous carbon (a-C), a byproduct of 
the CVD growth process, coated the top and bottom of the AAO/CNT template. 
Electrical contact between tubes was provided by top and bottom conducting layers 
(amorphous carbon in as-grown sensors). Bus bars were placed along the sensor to 
measure the resistance across them. When bus bar contacts were placed at both the ends 
of the top surface, the resistance between these contacts changed accordingly to oxidizing 
(resistance decreases) and reducing agents (resistance increases). The primary objective 
of the resistive sensor model was to understand the device resistance dependence upon 
the MWCNT resistance and the thickness of amorphous carbon, and the sensitivity 
dependence upon the device structure and design. With this understanding, the model 
offered avenues for device improvement. 
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1.4 Objectives and Contributions 
 
    The following is the list of objectives and contributions of this thesis: 
 
 The change in device sensitivity and resistance with respect to a-C layer 
thickness was extensively studied. The higher the thickness of amorphous 
carbon, the lower the sensitivity. 
 Theoretical modeling of the sensor design was proposed and the device 
resistance was calculated and compared with the actual resistance value. 
 Another model was also developed to study the transient response of the 
device to ammonia gas molecules. 
 A program was designed in MATLAB to calculate the resistance of the 
device. 
 Various plasma etching techniques like plasma oxidation in microwave 
and PECVD chamber (Plasma Enhanced Chemical Vapor Deposition) 
were performed in order to remove amorphous carbon to improve the 
sensitivities. 
 Water plasma was employed to remove the amorphous carbon in order to 
improve the sensitivity. 
 After the removal of a-C layer, the top and bottom layers were sputtered 
with a more conductive metal layer to understand the relation of current 
flow paths with the sensitivity. 
1.5 Outline of the thesis 
 
 
    Chapter 2.1 will give a brief introduction to carbon nanotube and its advantages for 
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being used as a sensor and other applications. Chapter 2.2 will give a detailed description 
of the theoretical model of the resistive sensor. A detailed MATLAB program to 
calculate the device resistance is composed. Theoretical model with the simulation results 
are all discussed in Chapter 2 and a model for the sensor response to the ammonia 
molecules and how it changes with respect to sensitivity and the number of electrons 
donated by test gas molecules and the acceptor density. Chapter 3 will explain about all 
the experimental procedures used to prepare the resistive sensor model. Chapter 3.1 will 
describe about the anodization of the template and then MWCNTs grown in the template 
by Chemical Vapor Deposition (CVD) will be discussed in detail in 3.2.The basic sensor 
system device used in sensing of the gas analytes and the process of removal of 
amorphous carbon to improve the sensitivity like microwave plasma oxidation and 
Plasma Enhanced Chemical Vapor Deposition (PECVD) etch is discussed in 3.3,3,4 and 
3.5 respectively. Chapter 4 will discuss the results obtained after sensing. Results 
obtained by microwave plasma oxidation and PECVD are discussed in 4.1  and 4.2 
respectively.4.3 will discuss about the results obtained for  cycling data with water 
plasma  and PECVD, and comparison of all these processes are discussed. Simulation 
results obtained from the MATLAB program are discussed. Variation of device 
resistance and resistance of top and bottom layer of a-C layer is discussed in detail. 
Chapter 5 will give the conclusion of the thesis work and provide directions for the future 
work. 
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Chapter 2: The theoretical model 
 
2.1 Description of the model 
 
    The resistive sensor was prepared by growing MWCNTs by Chemical Vapor 
Deposition (CVD) in the pores of anodized alumina template as shown in Figure 2.1.The 
bus bars were placed to make electrical contacts by depositing colloidal graphite paste 
first and then the silver or gold paste was deposited over it in order to measure the 
electrical properties such as the resistance. A layer of amorphous carbon was formed on 
top and bottom sides, as a byproduct of the CVD process, which acted as a conducting 
layer and connected the MWCNTs electrically as shown in Figure 2.2 in the equivalent 
circuit model.  
 
Figure 2.1: The resistive sensor model [66]. 
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2.2 The operating principle 
 
      The sensor gas response was due to the p-type conductivity in semiconducting 
MWCNTs and the electrical charge transfer was found to be the major operating principle 
responsible for the change in electrical properties [21]. These gas sensors based on CNTs 
mostly rely on monitoring the direct change in their electrical properties in response to 
the interaction with gaseous molecules [7–11]. When electron withdrawing molecules of 
gas analytes (e.g., NO2 and O2) were adsorbed on the surface of p-type semiconductor 
CNTs, the Fermi levels were shifted to the valence band, generating more holes, thus 
enhancing the conductance. The adsorption of electron-donating molecules (e.g., NH3) 
caused the number of holes to decrease and the resistance to increase whereas the 
adsorption of the electron withdrawing molecules (e.g. NO2 gas) decreased the resistance 
of the sensor by generating more holes and shifting the Fermi Level towards the valence 
band. 
    The operating principle allowed us to design the model and suggested ways to improve 
its sensitivity by allowing the maximum current to flow through the MWCNTs. 
    The device can be considered as having two current paths (as shown in Figure 2.2): 
 Direct current path from contact to another contact through the layer of 
conducting amorphous carbon (a-C) 
 Other alternate path through the MWCNTs and the bottom conducting path. 
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Figure 2.2: Resistive sensor model showing the 2 current flow paths: Direct current path 
between the bus bars through the top conducting amorphous carbon layer and the 
alternate preferred path through MWCNTs and bottom conducting amorphous carbon 
layer [70]. 
 
     The direct path consisted of only the a-C layer without involving the CNTs, therefore 
it did not contribute to the sensitivity of the sensor model. The current should flow 
through the alternate path involving the MWCNTs and bottom conducting path of 
amorphous carbon layer, thus enhancing the sensitivity of the device. We needed to 
design the device in such a way that the sensitivity of the device was highest by allowing 
the current to flow through the alternate path. This could be done by changing the 
resistance of the top and bottom layer of amorphous carbon accordingly.  
       This could be done only if the theoretical model and its equivalent circuit of the 
sensor design are understood. Hence, we designed the theoretical model for the vertically 
aligned MWCNTs resistive sensor. 
 
 
Alternate 
preferred 
current path 
Direct Current path 
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2.3 The equivalent circuit model for resistive sensor model 
 
Figure 2.3: Equivalent circuit model showing RTOP, RCNT, and RBOT of one row of 3D 
regular network of the device. Nodes N1, N2 and N3 are shown as the nodes of the first Δ 
to Y transformation. 
      
   The equivalent circuit model is a regular 3D network of 3 resistances: 
 Resistance of the top layer of amorphous carbon (Rtop),  
 Resistance of the MWCNT (RCNT), and  
 Resistance of the bottom layer of amorphous carbon (Rbot). 
     This equivalent circuit was developed to understand the operation of the sensor device 
and to find ways to improve the sensitivity of the device. The equivalent circuit shown in 
Figure 2.3 is of one row of vertically aligned MWCNT. 
2.4 Equivalent row resistance 
 
   The equivalent row resistance is calculated by successive Δ-Y transformations along 
the row. 
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Figure 2.4: The nodes and label for each resistor for the first delta-wye transformation. 
 
     The resistance values after the first delta -wye transformation is given by the 
following equations:  
R0,i  = 
RTOP  (RBOT  + RCNT  ) 
(2RCNT +RTOP +RBOT ) 
                                                           (2.1) 
R1,i = 
RCNTRTOP
(2RCNT +RTOP +RBOT )
                                                             (2.2) 
R2,i  = 
RCNT (RBOT  + RCNT  )
(2RCNT +RTOP +RBOT )
                                                             (2.3) 
N1', N2', and N3' are the nodes after the second Δ-Y transformation in Figure 2.4. 
 
Figure 2.5: Schematic figure showing the label for nodes and resistances after the second 
delta to wye transformation. 
 
     The full equation for equivalent row resistance is given by (2.4). It is the sum of all R0,i 
terms starting from 1 to x, where x is the number of MWCNT’s in the row. The first term, 
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R0,1 is the initial first Δ to Y transformation. The second term is a summation of all R0,i terms 
from each transformation. The R0,i terms differ from R0,1 because they depend on the R1,i-1 
R2,i-1 terms from the previous transformation. The third term is the parallel resistance of two 
remaining resistances at the end of the row 
            
RRow  =∑  R0,i  xiൌ1  = RTOP  ሺRBOT  ൅ RCNT  ሻ ሺ2RCNT ൅RTOP ൅RBOT ሻ  +  ∑
ሺRTOP    + R1,i )( RBOT  + R2,i  )
( RCNT  +(RTOP    + R1,i ) + ( RBOT  + R2,i  )
x‐3
iൌ2  
       + 
ሺRTOP    ൅ R1,x ሻሺ RCNT   ൅ RBOT  ൅ R2,x ሻ 
ሺ RCNT  ൅ሺRTOP    ൅ R1,i ሻ ൅ ሺ RBOT  ൅ R2,i  ሻሻ                                                                    (2.4)                            
where the values for R1,i, and R2,i   are given by [70]  (2.5): 
R(1,2),i  = 
RCNT  (R (TOP,BOT)   + R(1,2),i-1  )
( RCNT + R(1,i-1)  + R(2,i-1) ) 
 .                                                                             (2.5)   
   Since the row resistance given by (2.4) is for one row of vertically aligned MWCNT 
Therefore, the device resistance is given by [70] (2.6),                   
1/RDevice   = ∑ 1RRow
y
i=1                                                                                                                                                   (2.6)                         
where y is the number of rows of MWCNTs in y direction. 
2.5 Layer of amorphous carbon and its top and bottom resistances RTOP and RBOT 
   The top and bottom layer amorphous carbon resistances, RTOP and RBOT, were 
calculated by using the resistivity formula  
R = (ρac x L)
 A 
 . 
    Length L and Area A were calculated taking into consideration that the amorphous 
carbon does not cover the open pores as shown in Figure 2.6 [70]. 
14 
 
 
Figure 2.6 Figure shows the shaded area as the conducting path layer of amorphous 
carbon between adjacent MWCNT’s. 
 
L1 is the pore pitch in x and y directions, ro is the pore radius. θ is the angle from the x-
axis inside the pore used in (2.7). 
 
R(TOP,BOT)= 2(
ρac
2tacTOP,BOT
 ׬ ro sinӨdӨL1/2-rosinӨ 
Өୀ୮୧/ଶ
Ө=0  + 
ρac  ൈ(L1/2ro)
 (tacTOP,BOT   ൈ L1)  )  .                                 (2.7)                        
       For the standard templates used for experiments L1=85 nm and ro =20 nm. 
Substituting these values of L1 and r0 in (2.7) the expression reduces [70] to 
R(TOP,BOT)= 
ρac   x1.29 
tacTOP,BOT
  .                                                                                                    (2.8) 
2.6 Resistance of MWCNT  
 
The resistance of the carbon nanotube was calculated [70] by: 
RCNT   = 4ൈρCNT  x hCNTΠx(do2-di2)  .                                                                                                  (2.9) 
2.7 Image characterization to calculate pore density and other device parameters 
 
     We needed to read the SEM images of the samples to calculate the pore 
density/number of MWCNTs per unit length Nx, Ny and sample size. We used ImageJ 
software for the characterization of SEM image shown in Figure 2.7. 
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Figure 2.7 Image [66] used for calculating the pore density, pore inner and outer 
diameter using ImageJ software [45]. 
 
Table 2.1 Model parameters used in the simulation model. 
 
Standard sample size 1 cm x 0.8 cm 
Outer diameter do  40 nm 
Number of CNTs in x-direction, Nx  1.27x10^5 pores 
Number of CNTs in y direction, Ny  0.91x10^5 pores 
Inner diameter of the pore, di 30 nm 
 
 
   The number of MWCNTs in x-direction, Nx and in y-direction, Ny and the inner and 
outer diameter were calculated for the image shown in Figure 2.7. We also measured the 
sizes of the sample and calculated the average value of all the parameters. The average 
values for all the parameters are mentioned in Table 2.1.  
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Figure 2.8:I-V measurements done at room temperature of the same batch of  samples[73]. 
     
Table 2.2: Sample ρCNT  calculation of batch sample rm_a_01. 
 
Area of the sample    1x0.8 cm2  
Pore density=No. of pores/Area selected 106.5 pores / μm2  
Pore diameter   40nm,  
Inner core diameter   30nm  
Length of CNTs’   60 μm.  
Area of the ring=π x [(20nm)2- (15nm)2] m2 549.5 x10^-18 m2 
 
Neglecting contact resistance, taking parameter values from Table 2.2, we get  
Average resistance of CNT from room temperature I-V characteristics of Figure 2.8 
 = dV/dI 
(Slope of the I-V characteristics)= RCNT =1.2 V/(1.5x10^-5 A) =85.7x10^3ohms 
ρCNT = (RCNT x Area of the ring)/( Length of the CNT )  
= 85.7x10^3x π x [(20)2- (15)2]x10^-18 m2  /60x10^-6 m= 7.8527E-005 ohm-cm 
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ammonia molecules. Therefore, 
Flow rate of Ammonia molecules in sccm into the test chamber = 500 sccm. 
True Mass Flow =Flow rate in sccm x Gas density at standard room temperature 
                                     =500 cc/min x1L/1000cc x 0.76g/L 
                                     =0.38 g/min. 
Number of moles of NH3 gas= 0.38g/min/(17.03 g/mol) 
                                               = 0.0223 moles/min. 
1 mole contains 6.023x10^23 molecules. 
0.0223 moles contains 0.0223x6.023x10^23=0.134x10^23 molecules/min 
No. of NH3  molecules that comes into contact with CNT per min= N1 . 
1 NH3  molecule will donate 0.04 electrons at the CNT surface to adsorb [60]. 
0.134x10^23 molecules/min will give 0.04x0.134x10^23 e- per min.  
 No. of excess electrons generated, g                =5.37x10^20 e- per min. 
T1 is the electron lifetime for the recombination of holes of CNTs and electrons. 
Number of electrons which get lost or do not recombine is Δn(t). 
Therefore, the continuity equation is  
ିΔ୬ሺ୲ሻ
Tଵ  + g = 
dΔn(t)
dt
                                                                                               (2.10) 
==> 
dΔn(t)
dt
=   
୥ൈTଵିΔ୬ሺ୲ሻ
Tଵ . 
Solving (2.10 ) we get  
     Δn(t)= g x T1  + c x exp(- t T1   ) .                                                                           (2.11) 
At t=0 i.e. before the exposure of NH3   molecules  
Δn(t)=0. 
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Therefore, 
c= -g x T1 =-5.37X10^20 per min x T1 .                                                          (2.12) 
In steady state stage, the conditions are 
dΔn(t)
dt
 =0 and Δn=n 
and substituting these steady state conditions in (2.10), we get 
n=g x T1 .                                                                                                          (2.13) 
Before the exposure to ammonia molecules 
ρCNT=(q x μp x po) -1                                                                                        (2.14) 
where po is the acceptor density concentration of p-type MWCNTs and μp is the mobility 
of the holes of MWCNTs in the template and using the value of ρCNT  from page 16 
μp = 10^4 cm2/Vs  [63-65] 
ρCNT= (q x μp x po) -1 
7.85x10^-5 ohm-cm= 1/(1.6x10^-19x10^4x po) 
po  = 7.29x10^19 cm^-3. 
After the exposure to ammonia molecules, the resistivity of CNT increases to 
ρ'CNT =(q x μp x ( po- n))-1  .                                                                              (2.15) 
Substituting (2.15) in (2.9) 
         R'CNT   =
4ൈρ'CNT  ൈ hCNT
Πx(do2-di2)   .                                                                                       (2.16) 
Using a rough approximation that 
R'dev/Rdev= R'CNT/RCNT 
=0.89401/0.89162= R’CNT/85.7 x10^4 
R'CNT =85.9 x10^3 ohms. 
Solving  (2.13) ,(2.15) and (2.16)  we get T1 
  R'CNT = 60 x10^-6/((1.6 x 10^-19x10^4x(7.29x10^19- 5.37x10^20/60xT1)x549x10^-18) 
T1= 81.14 microseconds. 
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Substituting these values in (2.11) we get  
c= -5.37x10^20 x 81.14x10^-6/(60 sec) =-7.2620 x10^14. 
Therefore, Δn(t)= 7.262 x10^14x(1-exp(-t/81.14x10^-6) e- per second .                  (2.17) 
    In this model, it was assumed that all the sites available for adsorption were being 
populated in the steady state concentration. However, there was a deviation in the 
theoretical and practical values because usually all the sites were not available for 
adsorption as there were some defects in formation of few CNTs. When the sample was 
plasma oxidized, the work function of MWCNTs changed [68] .The plasma also etched 
off the a-C layer from the tips of the nanotube in an anisotropic manner resulting in non 
uniform thickness of a-C layer. As a consequence, the calculation of the device resistance 
assuming that the a-C layer was covering whole of interpore region resulted in the 
deviation of measured device resistance from calculated device resistance. 
     The deviation in the experimental and theoretical values was due to the assumption 
that the a-C layer was continuous or of uniform thickness. Also, there were some defects 
in the CNTs formations which affected the number of sites available for the adsorption of 
ammonia molecules. Plasma etching of a-C layer by various techniques like water 
plasma, argon plasma and PECVD etch in oxygen also affected the tips of the CNTs in 
different ways and changed the work function in different manners [67-69]. Plasma 
etching of the top and bottom a- C layers results in the partial/complete removal of the a-
C layer and change in the work function of MWCNT [67-69]. 
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2.9 Comparison between experimental values of sensitivity measured and their theoretical 
values of device resistance     
   In this section, the experimental values of sensitivity and the theoretical values of 
device resistances are compared to calculate the least square error. 
 
Table 2.3: Thicknesses of top and bottom layer of a-C before and after plasma etching. 
 
  Batch  As prepared Plasma etched front 30s Plasma etched back 30s 
 ttop in nm tbot in nm ttop   in nm tbot in nm ttop in nm tbot in nm 
Rm_a_01  28.3 30 0.164 30 0.164 0.030 
Rm_a_210 12 12 0.475 11 0.475 0.063 
Rm_a_02 8 12 0.481 20 0.481 0.028 
Rm_a_03 16.4 16 0.167 35 0.167 0.026 
Rm_a_04 35.6 35 0.768 13 0.768 0.024 
 
     Thin layer of a-C of thickness less than 10 nm cannot be measured reliably through 
the cross-sectional imaging feature of S-900.Therefore, the device resistance was 
calculated for various values of thicknesses of a-C layer in the simulation model and least 
square error (LSE) was calculated to get the best fit to the measured value of device 
resistance. Amorphous carbon layer thickness corresponding to the LSE fits are reported 
in Table 2.3. Next these values of thicknesses which gave the LSE, RCNT and R’CNT 
values obtained from (2.15) and (2.16) were used to calculate Rdev and Rgas before and 
after exposure to ammonia gas molecules using the simulation model discussed in 
Appendix A. Then sensitivity values were calculated using (3.4). 
      The SEM images of two devices rm_a_01 and rm_a_210 show that the thickness of a-
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C layer is roughly about 30 nm and 20 nm for rm_a_01 and rm_a_210. 
     
                          (a)                                                               (b)  
Figure 2.10: Cross-sectional images of sample (a) rm_a_01 (b) rm_a_210. 
 
Table 2.4(a) Comparison of theoretical and measured values of reference resistance of as 
prepared samples. 
 
Batch 
sample 
Calculated 
device 
resistance 
(Rgas) kΩ 
Calculated 
device 
resistance 
(Rdev) kΩ 
Measured  
resistance 
Rref  kΩ 
LSE 
 (Rdev-Rref)^2 
rm_a_01 1.125 1.121 1.12  1x10^-6 
rm_a210 2.827 2.822 2.82  4x10^-6 
rm_a_03 1.937 1.932 1.93  2.5x10^-5 
rm_a_04 0.893 0.891 0.89  1x10^-6 
Rm_a_02 3.915 3.902 3.9  4x10^-6 
 
 
 
23 
 
Table 2.4(b) Comparison of theoretical and measured values of sensitivities of as 
prepared samples. 
 
Batch 
sample 
Sensitivity  
measured (%S) 
Sensitivity 
calculated (%Scal) 
LSE  
=(%Scal-%S)^2 
rm_a_01 0.4 0.36 1.6x10^-3 
rm_a210 0.2 0.18 4x10^-4 
rm_a_03 0.25 0.26 1x10^-4 
rm_a_04 0.27 0.22 2.5x10^-3 
Rm_a_02 0.33 0.32 1x10^-4 
 
Table 2.5(a): Comparison of theoretical and measured values of reference resistance 
after the plasma etching of top side for 30 seconds. 
 
Batch 
sample 
Calculated 
device 
resistance 
(Rgas) kΩ  
Calculated 
device 
resistance 
(Rdev) kΩ 
Measured  
resistance 
Rref kΩ 
LSE 
( Rdev-Rref)^2 
rm_a_01 79.889 75.011 75 1.21x10^-4 
rm_a210 80.171 66.651 66.6  2.60x10^-3 
rm_a_02 52.072 43.621 43.6 4.41x10^-4 
rm_a_03 90.762 76.848 76.8  2.30x10^-3 
rm_a_04 43.514 37.712 37.7  1.44x10^-3 
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Table 2.5 (b) Comparison of theoretical and measured values of sensitivity after the 
plasma etching of top side for 30 seconds. 
 
Batch 
sample 
Sensitivity  
measured (%S) 
Sensitivity 
calculated (%Scal) 
LSE 
=(%Scal%S)^2 
rm_a_01 6.5 6.56 3.6x10^-3 
rm_a210 20.28 20.30 4.0x10^-4 
rm_a_02 19.36 19.40 1.6x10^-3 
rm_a_03 18.09 18.11 4.0x10^-4 
rm_a_04 15.4 15.43 9.0x 10^-4 
 
Table 2.6 (a): Comparison of theoretical and measured values of reference resistance 
after the plasma etching of top side and bottom for 30 seconds. 
 
Batch 
sample 
Calculated 
device 
resistance  
(Rgas) MΩ  
Calculated 
device 
resistance 
(Rdev) MΩ 
Measured 
reference 
resistance 
Rref MΩ 
LSE in Rdev 
(Rdev- Rref)^2
rm_a_01 1.1821 0.9817 0.98  2.89x10^-6 
rm_a_210 0.6139 0.5017 0.5  3.24x10^-6 
rm_a_02 1.4721 1.2013 1.2  1.69x10^-6 
rm_a_03 1.4514 1.2157 1.2  2.46x10^-4 
rm_a_04 1.5613 1.3071 1.3 5.04x10^-5 
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Table 2.6 (b) Comparison of theoretical and measured values of sensitivity after the 
plasma etching of top side and bottom for 30 seconds. 
 
Batch 
sample 
Sensitivity  
measured (%S) 
Sensitivity 
calculated 
(%Scal) 
LSE 
=(%Scal-%S)^2 
rm_a_01 19.47 19.43 1.6x10^-3 
rm_a_210 21.40 21.48 6.4x10^-3 
rm_a_02 22.51 22.56 2.5x10^-3 
rm_a_03 20.09 20.01 6.4x10^-3 
rm_a_04 18.19 18.22 9x10^-4 
 
        We observed in Table 2.4(b), Table 2.5(b) and Table 2.6 (b), the least square error 
was maximum of the order of 10^-3 in the measured and theoretical value of the 
calculated sensitivity because usually all the adsorption sites of the MWCNTs are not 
available for ammonia molecules. There was a deviation as detailed in Table 2.4 (a), 
Table 2.5(a) and Table 2.6 (a) in the calculated and measured reference resistance 
because there were some defects in the walls of the CNTs as seen in SEM images and 
also the presence of thin a-C layer is not continuous which blocks the pores of CNTs. 
Since, the a-C layers on top and bottom sides of the template were not uniform and 
continuous; the least square error would be there in the calculation of Rtop, Rbot and 
device resistance Rdev. 
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Chapter 3 Experimental Procedures 
 
3.1 Preparation of AAO template using anodization 
 
    The 2-step anodization process was performed in which the aluminum template was 
the anode, Pt electrode of a square shape of 1” was the cathode and the electrolyte used 
was 0.3 M Oxalic acid. The overall electrochemical cell set up for anodization is shown 
in Figure 3.1. 
 
Figure 3.1: Electrochemical cell set up for anodization to prepare AAO template. 
 
     Chemical Reactions on Anode, Cathode and electrolyte solution are as follows: 
At Anode: 2Al + 3 H2O  Al2O3 + 6H+   +   6e-.                                          (3.1) 
At Cathode: 6H+   +   6e-   3 H2 .                                                                         (3.2) 
Dissolution of Alumina: Al2O3 + 6H+      2Al3+  + 3 H2O.                           (3.3) 
    Chemical reactions for the processes at cathode and anode are explained in (3.1), (3.2) 
and (3.3).The Al tape was placed at the anode position in the electrochemical cell with Pt 
as the cathode [4].The electrolytes used for producing pores are generally weak or strong 
acids. A thick oxide or barrier layer (150-180 Angstroms) covered the metal surface 
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within seconds. This layer could be removed by partial dissolution in an acid at room 
temperature, leaving a well ordered pattern on grown Al2O3 pores. After this, a longer 
anodization step was performed to grow the pores in an ordered pattern over the 
remaining barrier oxide layer which served as an interface between the Al template and 
the electrolyte solution of 0.3M oxalic acid. 
     The highly pure (99.9 % pure Al) Aluminum tape was cleaned and degreased with 
organic solvents and was dried. Then, the cleaned and dry template was kept for 10 
minutes in the electrochemical cell shown in Figure 3.1 with the voltage and the current 
supplied using a Kepco (Model ABC 125-1DM) programmable constant DC power 
supply at a low temperature. Since, the pores formed in this step were poor and not 
uniform, second anodization of longer duration of about 22 -24 hours was performed with 
same conditions used for the first anodization step. The samples were soaked now in acid 
solution for few hours until the remaining Al got etched off. The samples were now 
floated on acid for few minutes such that the barrier layer came in contact with the acid. 
The templates prepared by performing the above steps were annealed in oxygen in a 
lindberg furnace. 
      Pore size, pore density and depth of the anodized aluminum oxide layer can be 
controlled by changing experimental conditions in the electrochemical cell [27]. The 
choice of electrolyte could affect the pore diameter. Stronger acids tend to produce wider 
pores while weaker acids produce small pores [22, 25]. Current also affects pore 
dimensions when coupled with the electrolyte type or cell temperature [23]. 
3.2 MWCNTs growth by Chemical Vapor Deposition (CVD ) 
 
      CVD is a common method for the commercial production of carbon nanotube. Chemical 
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vapor deposition is used for many applications such as fabricating semiconductor devices, 
deposition of layer coating etc. This process is commonly used for growing carbon nanotube 
with the presence of a metal catalyst. Nanotube grow at the sites of the metal catalyst; the 
carbon-containing gas is pyrolysed at the surface of the catalyst particle, and the carbon is 
transported to the edges of the particle, where it forms the nanotube. The catalyst particles 
can stay at the tips of the growing nanotube during the growth process, or remain at the 
nanotube base, depending on the adhesion between the catalyst particle and the substrate. 
        In our case, we did not use a catalyst to grow MWCNTs since the vertically grown pores 
of the Alumina template of 60 μm thick acted as a catalyst itself [28]. The porous alumina 
template fabricated above was used to grow vertically aligned MWCNTs in the pores. Pure 
xylene [C8H10(C6H4C2H6)] was used as the hydrocarbon source. A stream of nitrogen gas was 
purged at a controlled rate to minimize the turbulent flow of gas molecules in a Lindberg 
furnace of 96 mm diameter.  
       In this process, pyrolysis of xylene took place to produce carbon nanotube within the 
AAO pores without the use of catalyst for 1 hour. The furnace was then allowed to slowly 
cool in nitrogen [29]. 
       A thin layer of amorphous carbon, a byproduct of CVD was also formed on both the 
sides of template whose thickness can be controlled by changing the CVD growth conditions 
by regulating the flow of nitrogen and temperature in the furnace. The layer of amorphous 
carbon formed mainly affects the sensor response and the resistance of the sensor and 
therefore, it was desirable to remove the amorphous carbon through plasma oxidation and 
Plasma Enhanced Chemical Vapor Deposition (PECVD). 
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3.3 Gas sensing system and sensitivity measurement 
 
 
Figure 3.2: Gas sensing system [30]. 
 
           MWCNTs were embedded in the pores of AAO templates and gold/silver bus bars 
were placed at both the edges of the sample to make electrical contacts so as to read the 
resistance change across the sample upon exposure to the test gas ammonia. For 
sensitivity measurement, we had the gas sensing system shown in Figure 3.2.The test gas 
100 ppm ammonia and nitrogen gas cylinder were used with the precision Sierra 
instruments dual channel mass flow controller to control the flow rate into the glass 
sealed test chamber in which the sample was placed and the resistance change was 
measured using the HP 3478A digital multimeter. All the sensitivity measurements were 
done at room temperature at a flow rate of around 500 sccm and the relative humidity of 
the room was below 10%.The sensitivity, S(%) was calculated using :  
 S(%) =  
  (Rgas - Rdev)
Rdev
 × 100                                                                                (3.4) 
where Rdev was the device resistance or reference resistance in the presence of carrier gas 
N2 and Rgas was the resistance in the presence of the test gas ammonia. 
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      Initially, the carrier gas nitrogen was purged into the test chamber having the sample 
for at least 15 minutes. Then, the test chamber was purged with alternate cycles of the test 
gas ammonia and nitrogen using the mass flow controller at flow rate of about 500 sccm 
at room temperature. After the first cycle of nitrogen and 100 ppm ammonia, UV light 
was emitted using the Black-Ray Long Wave Ultraviolet Light Model B 100AP (λ = 365 
nm) along with the nitrogen cycle, so as to desorb the ammonia gas molecules. Kong et al 
proved that desorption of the analyte gas was required as the NH3 gas molecules were 
chemisorbed on the MWCNT surface, thereby causing an upward drift in the reference 
resistance, as well as the sensitivity. Usually, desorption with heat and ultraviolet light 
are often employed to bring CNT sensors back to initial conditions [31].The sensor 
response for the cycling data and the steady state response is discussed in Chapter 4. 
3.4 Plasma etching of a-C layer using microwave plasma oxidation 
 
     Microwave plasma oxidation was used for the plasma etching of the amorphous 
carbon layer. The sample was carefully placed in the plasma chamber and pumped down 
to a vacuum pressure of 30 milli Torr. The microwave was set to 75 W power. Oxygen 
gas [35-39] or argon gas [33][34] was then carefully injected into the chamber through a 
precision gas flow controller.  Plasma oxidation was carried out in steps of 30 seconds on 
front and bottom sides of the sensor to reduce the thickness of a-C layer accordingly to 
analyze the current path through the conducting top and bottom layers of a-C and the 
MWCNTs. We observed through Scanning Electron Microscopy (SEM) of the sample 
that the a-C layer was etched off completely after the microwave plasma oxidation.  
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3.5 Plasma etching of a-C layer using Plasma Enhanced Chemical Vapor Deposition (PECVD) 
chamber. 
       In order to remove the amorphous carbon, plasma etching in oxygen plasma [35-
39] and water plasma [40-42] were performed for 30 seconds on the front and back 
sides alternatively at a flow rate of 20 sccm and RF power of around 75 W in the 
PECVD chamber. The ammonia gas sensitivity was then measured after each step of 30 
seconds of removal. The procedure of PECVD etch was to vent the vacuum chamber 
first fully to place the sample in it. The pump and the throttle valve were opened to 
allow the desired gas (oxygen and water vapor here) through the channel. The desired 
gas flow rate was set to 20 sccm. When the gas started flowing into the chamber, RF 
power was tuned for the desired oxygen or water plasma to form in the vacuum 
chamber having the sample. After desired amount of time, the RF power and gas flow 
were turned off .The chamber pressure was minimized by pumping it down. The sample 
was then removed from the vacuum chamber once the chamber was fully vented. We 
also observed that the a-C layer was etched off and higher sensitivities were recorded 
after PECVD etch. 
3.6 Metal sputtering  
 
     The sputtering system can be used to deposit a variety of materials ranging from 
metals to metal alloys and oxides. The sample was placed in the vacuum chamber after 
venting it fully. The target (here 99.5% pure Nickel or Titanium) was placed on the gun. 
Inert gas like Ar was purged into the vacuum chamber at a flow rate of 15 sccm. The 
RF power was tuned to 75 W power. When the plasma was formed, a metal layer of 3 
nm thickness was sputtered in the inert gas environment. After the deposition of the 
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metal layer of desired thickness on the sample, Ar gas flow was turned off and the 
vacuum chamber was pumped down. The sample was taken out from the chamber and 
the target was removed from the gun. After closing the chamber lid, the pump was 
turned on again. 
     In our study, metals of higher work function were chosen because they formed a 
good ohmic contact with the p type semiconductor MWCNTs of the template. 
Therefore, Ti and Ni metals were used to sputter top and bottom sides of the template 
after the removal of a-C layer through the above mentioned plasma etching techniques 
to study the current flow. 
3.7 Scanning Electron Microscopy (SEM) 
 
    The scanning electron microscope (SEM) is an electron microscope which images the 
sample surface by raster scanning with a high-energy beam of electrons. The electrons 
interact with the atoms of the sample producing signals that contain information about 
the sample's surface morphology, composition, and other properties. It can produce very 
high resolution images of small size samples of up to 5 nm and can have a wide range 
of magnifications.  
    A Hitachi Field Emission Scanning Electron Microscope (Model S-900) with a 
maximum magnification power of 800kX was used for characterizing MWCNTs 
embedded in AAO templates for cross-section of the images and also for studying the top 
and bottom morphology of AAO templates. To characterize the image of a particular 
sample, a very small section of the sample was cut-off from the original sample and 
mounted on a double-sided sticky carbon tape stuck on a SEM stub. The sample was 
coated with colloidal graphite on the edges and Gold-Palladium alloy was sputtered to 
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ensure proper electrical conductivity throughout the sample. Specimens were imaged for 
both topology and cross-sectional views which helped in calculating the pore diameters 
and inter-pore distances. The amorphous carbon layer thickness was also measured by 
tilting the sample to an angle of 20 º to 30 º using the cross-sectional imaging feature of 
S-900. 
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Chapter 4 Results and Discussions 
 
4.1 Improvements in the design for sensitivity enhancement 
  
     As discussed earlier in Chapter 2, the device can be considered as having two current 
paths the direct current path between the bus bars through the top conducting layer of a-
C and the alternate path through the CNTs and bottom conducting layer of a-C. The 
current should flow through the latter path to obtain a higher sensitivity since the CNTs 
were mostly involved in the sensing mechanism. 
   Therefore, the device configuration to get the highest sensitivity to ammonia 
molecules should be as follows: 
 Conceptually, the device becomes sensitive to gas species when the direct 
current path becomes too resistive and the current chooses the alternate path.  
 The device configuration should be such that the alternate path is preferred, but 
current should be spread out so that the nanotubes are involved in sensing 
mechanism. 
 If the MWCNTs are not carrying current, they do not contribute to the device   
resistance change & therefore do not affect the sensitivity. 
 As prepared samples with bus bar contacts deposited on the thinner layer of a-C, 
such that RTop > RBot, will yield a higher sensitivity than samples with the bus 
bars on the thick a-C layer( RTop < RBot). 
 A modified bottom layer to reduce the resistance of RBot will yield higher 
sensitivity.  
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 The amorphous carbon on the bottom and top layers of the sample act as 
electrical contact between the tubes and the top layer is less resistive for as 
grown samples due to which it will yield poor sensitivity. 
    Varying the thickness of the a-C layer on top and bottom by the following methods 
would yield higher sensitivities: 
 Making the thickness of the top and bottom a-C layer of comparable 
thickness. 
 Decreasing the thickness of the top layer to less than the thickness of the 
bottom layer i.e. Rtop > RBot. 
 Removing the a-C layer on the top and bottom sides of the template and 
replacing it with a higher conductive layer by metal. 
    The sensing results obtained after tailoring with the thickness of the a-C carbon layer 
on top side and bottom side with various techniques of plasma etching of a-C are 
discussed in section 4.2. 
4.2 Sensitivity observed after microwave plasma oxidation 
 
    The sensor response is given by the formula: 
S(%) =  
  ሺRgas ‐ Rdevሻ
Rdev  × 100                                                                                       
where Rdev is the device resistance or reference resistance in the presence of carrier gas 
N2 and Rgas is the resistance in the presence of the test gas ammonia. 
4.2.1. Sensitivity observed for microwave plasma oxidation in oxygen 
 
     The sensor developed in AAO templates were highly responsive to ammonia 
molecules and the lower response time and recovery times were observed as shown in 
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Table 4.2: Results of microwave plasma oxidation in argon gas. 
 
As prepared sample 
Reference resistance  185 ohms
Sensitivity  0.65%. 
Microwave plasma oxidation in argon performed for 30 seconds on the front side 
Reference resistance  6.6 kohms 
Sensitivity  2.13 % 
Microwave plasma oxidation in argon performed for 30 seconds on the back side 
Reference resistance  94 kohms 
Sensitivity  8.57% 
Microwave plasma oxidation in argon performed for 30 seconds on the front side 
Reference resistance  0.54 Mohms 
Sensitivity  8.95 % 
 
Discussion: 
   Since, it had been found that argon gas ions knocked out the a-C layer on top and 
bottom sides of the sample [54, 55], thus helping in the removal of the amorphous carbon 
from the samples and enhancing the sensitivity as seen in Figure 4.2. 
    As compared to microwave plasma oxidation in oxygen, we can say that plasma 
oxidation in argon was not as effective as that in oxygen in removing the layer of a-C 
carbon according to the sensitivity results in Table 4.1 and Table 4.2. 
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Discussion: 
    In order to remove the amorphous carbon, PECVD etch in oxygen plasma [35-39] was 
performed for 30 seconds on the front and back sides alternatively at flow rate of 20 sccm 
and RF power of around 75 W and then measured the ammonia gas sensitivity after each 
step of 30 seconds of removal. The capacitively coupled plasma formed in the PECVD 
chamber at pressure of few Torrs yielded a better result in the removal of a-C layer which 
can be shown in the images in Figure 4.4. 
   
  (a)                                                                                     (b)                                         
Figure 4.4: Images of sample (a) after 30 seconds of PECVD etch in oxygen (b) after 1 
minute of PECVD etch. 
 
     It can be seen in the images that after PECVD etch in oxygen, the layer of a-C was 
almost fully removed and sensitivity results improved according to Table 4.3. 
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Figure 4.7 (b): Images after water plasma of the front side of the sample. 
 
 
                  
Figure 4.7 (c): Images after water plasma of the back side of the sample. 
 
Discussion: 
     Sensitivity for the as prepared sample having a reference resistance of 4.38 kohms was 
1.5%. After performing water plasma etch for 30 seconds on the front side of the sample, 
the sensitivity and reference resistance shoot up to 15.8% and 21.96 kohms. After 
performing the water plasma etch for 30 seconds on the back side of the sample, the 
reference resistance and sensitivity increased to 0.98 Mohms and 19.5 % respectively as 
detailed in Table 4.5. To enhance the sensitivity water plasma etch was again performed 
for 10 seconds only on the front side and we observed a higher sensitivity of 22.2 % as 
good as that of SWNT sensors according to Table 4.6. It can also be seen in images 
 ab
T
 
A
R
S
W
R
S
W
R
S
W
R
S
 
C
F
m
ove that a-C
able 4.6: Re
s prepared  
eference res
ensitivity 
ater plasma
eference res
ensitivity 
ater plasma
eference res
ensitivity 
ater plasma
eference res
ensitivity 
omparison 
igure 4.8: C
inute on on
 layer has b
sults of wat
istance 
 etch for 30
istance 
 etch for 30
istance 
 etch for 10
istance 
of various p
omparison 
e side. 
een remove
er plasma et
 seconds on 
 seconds on 
 s on front s
lasma etch
of various 
45 
d after the w
ch for altern
 4.3
 1.5
the front sid
 21
 15
the back sid
 1 M
 20
ide 
1.2
 22
ing techniq
plasma etch
ater plasma
ate cycles o
8 kohms 
% 
e 
.9 kohms 
.8 % 
e 
ohms 
.3% 
 Mohms 
.2% 
ues: 
niques after
 etch. 
f ammonia 
 etching the
and nitrogen
 a-C layer 
. 
 
for 1 
  
   
P
1
w
p
b
pr
fu
se
4.
 
 
F
sp
 
 
  The sensit
ECVD etch 
5- 20 %.The
ere 9 and 
lasma etch w
ecause the P
istine cond
nction of t
nsitivity. 
5 Sputtering
igure 4.9: S
uttering. 
ivity record
in oxygen f
 sensitivity 
8 % respec
ere higher 
ECVD and
itions acco
he nanotub
 with a metal
ensor respo
ed at room 
or one minu
recorded aft
tively.The s
as compared
 water plasm
rding to Fi
e decreases
  
nse to 100 
46 
temperature
te was 20-2
er microwav
ensitivities 
 to that mea
a were don
gure 4.8.Ho
 [67-69] w
ppm ammo
 to 100 ppm
2% wherea
e plasma ox
recorded af
sured after 
e at a lowe
wever, the
hich is res
nia at room
 ammonia 
s for water p
idation in o
ter PECVD
microwave p
r pressure, h
 binding e
ponsible fo
 temperatur
after perfor
lasma etch 
xygen and a
 etch and w
lasma oxid
igh vacuum
nergy and 
r improving
e after the m
ming 
 was 
rgon 
ater 
ation 
 and 
work 
 the 
 
etal 
47 
 
Table 4.7: Results of Ni sputtered sample exposed to 100 ppm ammonia. 
As prepared sample 
Reference resistance  2.17 kohms 
Sensitivity  0.92 % 
PECVD etch in O2 done on the front side for 30 seconds 
Reference resistance  76.8 kohms 
Sensitivity  8.11% 
PECVD etch in O2 done on back side for 30 seconds 
Reference resistance  1.20 Mohms 
Sensitivity  20 % 
Ni sputtered on the back side 3 nm 
Reference resistance  0.58 Mohms 
Sensitivity  19.98% 
Ni sputtered on front side 3 nm 
Reference resistance  59.35 kohms 
Sensitivity  17.93% 
Ni sputtered again 3nm front (total 6 nm) 
Reference resistance  3.5 kohms 
Sensitivity  6.19% 
 
  
Figure 4.10 Images after Ni sputtering of the front side of the sample. 
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Discussion: 
    The sensor gave a better response of about 19.98 % according to Table 4.7 to ammonia 
with the decreasing thickness of a-C layer and after removing the a-C layer and sputtering 
the back side with metal of higher work function than that of CNTs. This sputtered metal 
behaved as a conducting layer between the CNTs of the model through which the current 
can pass through the alternate path through the CNTs. When the metal was sputtered on 
the front side of the sample, then the sensitivity decreased to 17.3 % because the current 
directly flowed through the direct path between the bus bars of the CNTs without 
involving the CNTs according Table 4.7. The sensitivity would also decrease with the 
increasing thickness of the metal layer as the pores of the template will be blocked by the 
metal layer, thereby decreasing the availability of CNT sites for adsorption of the 
ammonia molecules. 
     When we removed the a-C layer and then replaced it with the resistivity of the metal 
in our simulation model developed to calculate the device resistance as discussed in 
program given in Appendix would also give the appropriate result with the practical 
values obtained for the device resistance with a deviation. The least square error was 
mainly because the sputtered film of metal was not continuous and of the exact thickness 
3 nm as we sputtered as seen in Table 4.10. 
     According to the basic theory of metal/semiconductor interface, the p-type 
semiconducting CNT can form an ohmic contact with a metallic electrode when φM > 
φS, where φM and φS are the work functions of the metallic electrode and the 
semiconducting CNT, respectively. On the other hand, a metallic electrode having a 
lower work function than φS may form a schottky barrier at the metal/CNT contact. In 
 co
φ
w
li
to
C
T
 
F
 
 
 
 
 
 
ntrast to th
M > φS [67
hich forms 
terature is ap
 4.2 eV [6
NTs show p
i sputtering
igure 4.11: 
is, the n-typ
].The work
an ohmic co
proximatel
8-71]. The 
-type behav
 results: 
Sensor resp
e semicond
 function o
ntact with 
y equal to 4
sensor respo
ior. 
onse to 100 
49 
ucting CNT
f Ti and Ni
the CNTs. T
.4 eV which
nse after th
ppm ammon
 could form
 are 4.33 e
he work fu
 decreases a
e metal sp
ia at room t
 the schot
V and 5.05
nction of C
fter the plas
uttering also
emperature.
tky barrier w
 eV respect
NT accordin
ma etching 
 shows tha
 
hen 
ively 
g to 
steps 
t the 
 
50 
 
 
Table 4.8: Results of Ti sputtered sample when exposed to 100 ppm ammonia. 
 
As prepared 
Reference resistance  1.18 kohms 
Sensitivity  0.64% 
Plasma oxidized for 30 seconds on the front side 
Reference resistance  37.6 kohms 
Sensitivity (%S)  10.73% 
Plasma oxidized for 30 seconds on the back side  
Reference resistance  1.23 Mohms 
Sensitivity  18.19% 
Ti sputtered 3nm on the back side  
Reference resistance  0.56 Mohms 
Sensitivity  18.37 % 
Ti sputtered 3 nm on the front side 
Reference resistance  43.16 kohms 
Sensitivity  17.74 % 
Ti sputtered 3 nm on the back side 
Reference resistance  1.44kohms 
Sensitivity  15.89 % 
 
Discussion: 
    After removing the a-C layer, it can be seen that the resistance decreases with the Ti 
metal deposition whose electrical resistivity is 0.42 μohm-m [71] and when we deposit 
the metal on the back layer the sensitivity increases a little because it facilitates the 
current flow in the device. When the metal layer is deposited on the top side, then there 
would be a great decrease in the sensitivity as the current would follow the direct path of 
low resistive metal Ti layer as seen in Table 4.8. Therefore, the device configuration 
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      The parameters in Table 4.9 were used to calculate the device resistance using the 
simulation model for a range of thicknesses of top and bottom layer of a-C/ metal layer 
according to the sensing experiments done. Least square error was calculated to get the 
best fit to the measured values of device resistance as shown in Table 4.10. The Ni and Ti 
sputtering were done on the device rm_a_03 and rm_a_04 respectively after removing the 
a-C layer by plasma etch process. Therefore the thickness of a-C layer was taken from 
Table 2.3 for device rm_a_03 and rm_a_04.The remaining layer of a-C was fully 
removed by plasma etch process and then sputtered with the metal layer. 
Table 4.10: Simulation results for calculating Rdev with metal layer on top and bottom. 
 
Thickness of 
top layer (ttop) 
Thickness 
of bottom 
layer (tbot) 
Calculated 
Rdev  
Measured 
device 
resistance 
Rref 
LSE  
(Rdev-Rref)^2 
0.167 nm a-C 0.08 nm Ni 0.55 Mohms 0.58 Mohms 1.6x10^-3 
 0.08 nm Ni 0.08 nm Ni 59.18 kohms 59.35 kohms 2.89x10^-2 
0.16 nm Ni 0.08 nm Ni 3.64 kohms 3.50 kohms 1.96x10^-2 
0.77 nm a-C 0.07 nm Ti 0.54 Mohms 0.56 Mohms 4x10^-4 
0.07 nm Ti 0.07 nm Ti 44.71 kohms 43.16 kohms 3.03x10^-3 
0.07 nm Ti 0.21 nm Ti 1.49 kohms 1.44 kohms 2.5x10^-3 
4.7 Results of the simulation model and comparison with the experimental values: 
 
    The model parameters for a batch of sample for the image shown in Figure 2.8 are in 
Table 4.11.Taking resistivity of amorphous carbon as 1.55x10^-3 ohm-cm [46-49] and 
the resistance of the MWCNTs calculated  was 85.7 kohms. 
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Table 4.11: Showing the simulation results of MATLAB program to calculate the device 
resistance of the resistive sensor model using the RCNT value as 85.7 kohms. 
 
 
      Table 4.11 was generated for a range of values of thickness to get a rough estimate of 
the device resistance with respect to top and bottom thicknesses of a-C layer using the 
simulation model discussed in Appendix. 
      The results in the Table 4.11 were in accordance with the experimental values of 
device resistance. The device or reference resistance for the as prepared sample having 
the a-C layer of thickness around 10- 30 nm would usually have the resistance around 
500 ohms to 2 kohms which proved that the resistance of the top and bottom layers Rtop 
and Rbot is inversely proportional to the thickness of the amorphous carbon according to 
(2.9).  
 
 
 
 
Thickness 
of top a-C 
(tac,top) 
Thickness of 
bottom a-C 
(tac,bot) 
Rtop (ohms) Rbot (ohms) Rdev (ohms) 
calculated 
30 nm 30 nm 668.6171 668.6171 1090 
20 nm 20 nm 1.003+E03 1.003+E03 1664 
10 nm 10 nm 2.01E+03 2.01E+03 3512 
1 nm 1 nm 2.01E+04 2.01E+04 31607  
0.5 nm 0.5 nm 4.01E+04 4.01E+04 63210 
0.01 nm 0.01 nm 2.01E+06 2.01E+06 316070 
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Table 4.13: Estimated values of thickness of a-C layer after plasma etching off the a-C 
layer by PECVD in oxygen layer and the according to simulation results. 
 
Condition Thickness of 
a-C layer 
(nm) 
Reference 
resistance  
% Sensitivity 
As prepared 20 2.17  kΩ 0.97  
30 s PECVD etch in O2 10 76.8 kΩ 8.11 
60 s PECVD etch in O2 0.1 1.20 M Ω 20.28% 
 
    After comparing the values of Table 4.11 or 4.12 with Table 4.13, we could see that 
the results were in accordance with the values obtained after simulating the model to 
calculate the device resistance with different thicknesses of a-C layer. The a-C layer 
thickness of the as prepared samples (rm_a_01 and rm_a_210) was measured through 
cross sectional imaging of S-900. It was roughly found to be 30 nm and 20 nm for 
rm_a_01 and rm_a_210 according to Figure 2.9.Thickness less than 10 nm cannot be 
measured through cross-sectional imaging of S-900. 
     However, there was a deviation because the layer of a-C was not continuous 
throughout and exactly it does not cover the entire interpores region as we had assumed 
in our model. 
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4.10 Experimental results of all the processes for comparison of the plasma etching techniques. 
 
Table 4.14: Results obtained for all the plasma etching techniques of all the samples. 
 
 Process Reference 
resistance 
Sensitivit
y (%S) 
Size 
Batch 
rm_a_229 
1) Plasma oxidation in 
O2 
   
 As prepared 2.82 kΩ 0.263% 1.8cmx1.2cm 
 Front plasma oxidized 
for 30 s 
16.81 kΩ 1.56%  
 Back Plasma oxidized 
for 30 s 
1.07 MΩ 9.53%  
Batch  
rm_a_229 
2)Plasma Oxidation in 
Ar 
   
 As prepared 185.48 Ω 0.65% 1 cm x0.7 cm 
 Front plasma oxidized 
for 30 s 
6.42 kΩ 2.13%  
 Back plasma oxidized 
for 30 s 
94.08 kΩ 8.57%  
 Front plasma oxidized 
for 30 s 
0.54 MΩ 8.95%  
rm_a_210 3) PECVD process    
 As prepared 0.57 kΩ 8.35 % 1.3cmx0.8cm 
 PECVD for 30 s in O2 66.61 kΩ 20.28 %  
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Table 4.14 continued from previous page: 
 
 4) Water plasma    
 As prepared 1.112kΩ 0.226% 1cm x 0.5cm 
 Water plasma 30 s front 75.45 kΩ 6.57%  
 Water plasma 30 s back 0.98 MΩ 9.08%  
rm_a_01 PECVD in O2    
 As prepared  0.89 kΩ 0.26% 1.2cmx0.7cm 
 PECVD front 30 s 57.12 kΩ 9.72%  
 PECVD back 30 s 0.58 MΩ 15.54%  
rm_a_02 Water plasma   1 cm x 0.6 
cm 
Cycling data As prepared 4.38 kΩ 0.71%  
 Water Plasma 30 s front 21.96 kΩ 15.84 %  
 Water plasma 30 s back 1 MΩ 20.23%  
 Water Plasma 10 s front 1.3 MΩ 22.14%  
rm_a_03 PECVD in O2   0.1cmx0.8cm 
Cycling data As prepared 3.93 kΩ 0.39%  
 PECVD front 30 s 43.66 kΩ 19.36%  
 PECVD back 30 s 1.24 MΩ 22.56%  
 PECVD front 10 s 1.55 MΩ 23.67%  
 
The results as detailed in Table 4.14 obtained for all the various plasma etching 
techniques showed that PECVD in oxygen and water plasma gave the highest sensitivity 
because they were very effective in removing the a-C layer because they were performed 
in capacitive coupled plasma and at a controlled intensity in pristine and clean 
environment in vacuum chamber at low pressure and high vacuum whereas the intensity 
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in microwave plasma oxidation could be controlled by setting the power of microwave 
but the process was not done in pristine conditions as that of PECVD etch . Plasma 
oxidation in oxygen was more effective than that in argon gas because the a-C layer was 
fully removed only after plasma etching both sides for 1 minute with the same intensity 
and conditions. However, the nanotube tips were oxidized and dangling bonds were 
created due to which more sites were available for analyte adsorption. 
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Chapter 5 
Conclusion and scope of future work: 
    Vertically aligned MWCNTs were grown in the highly ordered pores of alumina 
templates through the pyrolysis of xylene without the use of any catalyst. Fabrication of 
the alumina template using two step anodization was simple and cost effective as it did 
not require any complicated steps like photolithography. The MWCNTs grown in the 
templates were investigated as a resistive sensor material. An excellent response to low 
concentration of 100 ppm of ammonia was observed. The theoretical modeling of the 
resistive sensor developed [66] was necessary to understand the current path through the 
equivalent circuit model to obtain the highest sensor response. The design for the device 
configuration should be such that the current is made to flow through the alternate path 
by tailoring the thickness of a-C layer. The simulation model obtained for calculating the 
device resistance matched with the measured values of device resistance. A model to 
calculate the change of device resistance with respect to the number of gas molecules was 
also developed in which we calculated the acceptor density of MWCNTs involved and 
lifetime of the recombination of electrons injected by ammonia molecules with the holes 
of the p-type MWCNTs semiconductor of the sensor. The values of resistance of CNTs, 
top and bottom a-C layers were obtained by the simulation model which was in accord 
with measured experimental values of resistance with least square error of about 10^-3 as 
shown in Table 2.4. 
     A comparative study of various plasma etching techniques was done. Also, we used 
PECVD chamber to perform oxygen and water vapor plasma etching for the first time to 
decrease the thickness of a-C layer to enhance the sensitivity. We obtained a very high 
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cumulative sensitivity of 23 %.We were the first group to develop a sensor which has 
embedded MWCNTs in the pores of AAO template and has reached a sensitivity of 11% 
for steady state, 20 % for the first pulse of ammonia and cumulative of about 23% which 
was almost as good as SWCNT-PABs composite sensor which gave 22% cumulative 
change of sensitivity to 100 ppm ammonia [59]. All the sensing measurements were done 
at room temperature and relative humidity of about less than 10 %.  
    Highest sensitivity of 23% to 100 ppm ammonia was recorded after PECVD etch in 
oxygen at a flow rate of 20 sccm and RF power tuned at 75 W which was very effective 
in removing the a-C layer because of the plasma obtained in the highly clean and pristine 
environment of the vacuum chamber. Water plasma etch was used to remove the a-C 
layer and open the ends of CNTs in order to enhance the sensitivity. It was also as 
effective as PECVD etch in oxygen in removing the a-C layer. The PECVD apparatus 
was used to etch off the a-C layer by the oxygen and water vapor plasma formed at a 
controlled flow rate of the gas at 20 sccm. This was done at a low base pressure of few 
milli Torr, and in a clean and high vacuum environment. However, these CNTs do also 
get functionalized with oxygen groups in this plasma etching process which changes the 
binding energy at the tips of the CNTs which is responsible for giving a better response to 
ammonia molecules. 
     Removing the a-C layer fully and then replacing it with a more conductive layer like 
metal nanocluster can be expected to give a better response and enhance the sensitivity of 
the sensor which was observed in the results of metal sputtering experiments. Both the 
metals Ni and Ti formed ohmic contacts with the CNT layer , which behaved as a p-type 
semiconductor layer. Sensitivities to 100 ppm ammonia recorded after Ti and Ni 
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deposition of 3 nm on the back side of the template were 18 % and 23 % respectively as 
shown in Figure 4.12. This experiment also helped in understanding the current flow path 
of the model and its relation to the sensitivity of the device. The current flow path 
optimization of the model was necessary to get the highest sensor response. This was 
accomplished by making the current choose the alternate path through the MWCNTs. To 
achieve this, we made the direct current path too resistive by decreasing the a-C layer 
thickness. Note that the thickness of a-C layer is inversely proportional to resistance of 
the top and bottom layers of a-C. 
     Many other plasma etching techniques in various atmospheres like water plasma or 
argon can be studied in detail. Detailed study can be done on plasma etching techniques 
of how the sensor binding energy and work function are changed with respect to the 
removal of a-C layer. This would also help us to find out new techniques to remove the a-
C layer. Also, functionalization of the CNTs with metal nanoclusters is underway to 
improve the sensitivity and develop a better sensor. 
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Appendix  
Appendix A 
 
 %Calculating Rdevice of AAO CNT template 
%Written by Shripriya Poduri(shripriya@uky.edu) 
%Date :May 2010 
ro=input('Enter the pore radius') 
L1=input('enter the pore pitch in x and y directions') 
rhoac=input('Enter the resistivity of amorphous carbon') 
rhocnt=input('Enter the resistivity of carbon nanotube') 
hcnt=input('Enter the height of CNTs') 
do=input('Enter the outer diameter') 
di=input('Enter the inner diameter') 
tactop=input('Enter the top thickness of amorphous carbon') 
tacbot=input('Enter the bottom thickness of amorphous carbon') 
X=0:pi/100:pi/2    % Generate numbers of interval of pi/100 between 0 to pi/2 
Y=roxsin(X)./((L1/2)-ro.xsin(X))                    
Z=trapz(X,Y)       % Integrating of the area from 0 to pi/2 
R1=(rhoac/tactop)x(Z+2x((L1/2-ro)/(L1))) % Equation 2.7 to calculate Rtop 
R3=(rhoac/tacbot)x(Z+2x((L1/2-ro)/(L1))) % Equation 2.7 to calculate Rbot 
R2=rhocntxhcnt/(pix(do^2-di^2)/4)        % Equation 2.9 to calculate Rcnt 
Nx=input('Enter the number of rows of MWCNTs in x direction') 
Ny=input('Enter the number of rows of MWCNTs in y direction') 
R0i=0 
R1i=0 
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R2i=0 
R2nd=0 
R3rd=0 
for i=1:Nx    % for loop for summation of resistances after succesive delta to wye 
transfomation 
    R0i=R0i+(R1x(R2+R3)/(R1+2xR2+R3)) 
    R1i=R1i+((R1xR2)/(R1+2xR2+R3)) 
    R2i=R2i+((R2x(R2+R3))/(R1+2xR2+R3)) 
    if i==2 
        R2nd=R2nd+((R1+R1i)x(R3+R2i))/(R1+R2+R3+R1i+R2i) 
        R3rd=R3rd+((R1+R1i)x(R2+R3+R2i))/(R1+R2+R3+R1i+R2i) 
    end 
i=i+1 
end 
Rrow=R0i+R2nd+R3rd             % Calculating Row resistance 
Rd=Nyx(1/Rrow)                                     
Rdevice=1/Rd                  % Rdevice using equation 2.6 
 Appendix B 
Program to calculate Device Resistance for a range of thicknesses of a-C layer  
 
%Calculating Rdevice of AAO CNT template 
%Written by Shripriya Poduri(shripriya@uky.edu) 
%Date :May 2010 
ro=input('Enter the pore radius') 
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L1=input('enter the pore pitch in x and y directions') 
rhoac=input('Enter the resistivity of amorphous carbon') 
rhocnt=input('Enter the resistivity of carbon nanotube') 
hcnt=input('Enter the height of CNTs') 
do=input('Enter the outer diameter') 
di=input('Enter the inner diameter') 
tactop=0:1x10^-9:40x10^-9    % Range of top a-C layer thickness from 0 to 40 nm                        
tacbot=0:1x10^-9:40x10^-9   %  Range of bottom layer thickness from 0 to 40 nm 
X=0:pi/100:pi/2 
Y=roxsin(X)./((L1/2)-ro.xsin(X)) 
Z=trapz(X,Y) 
R1=(rhoac./tactop)x(Z+2x((L1/2-ro)/(L1))) 
R3=(rhoac./tacbot)x(Z+2x((L1/2-ro)/(L1))) 
R2=rhocntxhcnt/(pix(do^2-di^2)/4) 
Nx=input('Enter the number of rows of MWCNTs in x direction') 
Ny=input('Enter the number of rows of MWCNTs in y direction') 
R0i=0 
R1i=0 
R2i=0 
R2nd=0 
R3rd=0 
for i=1:Nx 
    R0i=R0i+(R1.x(R2+R3)./(R1+2xR2+R3)); 
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    R1i=R1i+((R1.xR2)./(R1+2xR2+R3)) 
    R2i=R2i+((R2.x(R2+R3))./(R1+2xR2+R3)) 
    if i==2 
        R2nd=R2nd+((R1+R1i).x(R3+R2i))./(R1+R2+R3+R1i+R2i) 
        R3rd=R3rd+((R1+R1i).x(R2+R3+R2i))./(R1+R2+R3+R1i+R2i) 
    end 
i=i+1 
end 
Rrow=R0i+R2nd+R3rd 
Rd=Ny.x(1./Rrow) 
Rdevice=1./Rd 
This program was helpful in calculating the least square error. The calculated device 
resistance was matched with the measured device resistance to obtain the least square 
error which was discussed in table 2.3.                  
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